Abstract. Recent research has revealed that one of the most important characteristics of both natural and anthropogenic disturbances is their temporal heterogeneity. However, little is known about the relative importance of interactions among temporal patterns of multiple stressors. We established a fully factorial field experiment to test whether interactions among temporal patterns of two globally important anthropogenic disturbances of aquatic ecosystems (increased sediment loading and nutrient enrichment) determined the responses of stream benthic assemblages. Each disturbance treatment comprised three distinct regimes: regular and temporally variable pulses and an undisturbed control. The overall frequency, intensity and extent of disturbance was, however, equal across all disturbed treatments. We found that interactions among temporal disturbance regimes determined the effects of the compounded sediment and nutrient perturbations on algal biomass and the diversity, taxonomic and trophic composition of benthic assemblages. Moreover, our results also show that the temporal synchronization of multiple stressors does not necessarily maximize the impact of compounded perturbations. This comprises the first experimental evidence that interactions among the temporal patterns of disturbances drive the responses of ecosystems to multiple stressors. Knowledge of the temporal pattern of disturbances is therefore essential for the reliable prediction of impacts from, and effective management of, compounded perturbations.
INTRODUCTION
The increasing global human domination of ecosystems (Vitousek et al. 1997 ) is threatening the ecological integrity of the entire biosphere (Chapin et al. 2000 , Thomas et al. 2004 . There is, therefore, a critical need for effective management to minimize the effects of human disturbance on ecosystems. Key to this is the ability to understand and predict the effects of disturbance on fundamental ecosystem processes. In particular, quantification of interactions among multiple stressors comprises one of the most pressing problems in ecology and conservation , Rhind 2009 ). The coupling of multiple stressors can produce complex and unforeseen interactive effects on ecosystems (Heugens et al. 2002 , Sih et al. 2004 . Moreover, the nature of such interactions may themselves change after the introduction of additional stressors (Crain et al. 2008 ). These findings demonstrate a clear and urgent need for increased understanding of the mechanisms underlying the interactive effects of multiple stressors on ecosystems.
Studies of the effects of disturbance on ecosystem processes have focused mostly on the mean effect of properties such as the intensity, extent or frequency of perturbations (e.g., McCabe and Gotelli 2000, Collins et al. 2001) . However, theoretical (Benedetti-Cecchi 2003) , experimental ) and observational (Underwood and Chapman 2000) studies demonstrate that variability around the process mean, or variability in the distribution of disturbance events over time or in space, can comprise a key driver of ecosystem responses to disturbance. Recent field experiments have, for example, shown that variation in the temporal pattern of disturbance both among (Benedetti-Cecchi et al. 2006 ) and within (J. Garcı´a Molinos and I. Donohue, unpublished manuscript) individual perturbation events can determine the overall effects of disturbances, even when the frequency, extent and mean intensity of the disturbances remain constant. Moreover, such high temporal variability is common to most types of both natural and human disturbances (e.g., Ferrier et al. 2001 , Villarini et al. 2009 ). Quantification of the effects of interactions among variable temporal patterns on ecosystems where multiple agents of disturbance are acting in parallel comprises, therefore, an important step towards improving our understanding of the mechanisms underlying the interactive effects of multiple stressors.
We designed a fully factorial field experiment to quantify the interactive effects among variable temporal patterns of two of the most globally important and Manuscript received 5 January 2010; revised 6 April 2010; accepted 9 April 2010. Corresponding Editor: C. Nilsson.
1 E-mail: garciamj@tcd.ie widespread human stressors on aquatic ecosystems; increased loading of sediments (Donohue and Garcı´a Molinos 2009 ) and nutrients (Donohue et al. 2009, Smith and Schindler 2009 ), on the biota of a headwater stream. Specifically, we assessed the individual and combined effects of sediment and nutrient disturbances under three distinct temporal regimes (regular and temporally variable pulses and an undisturbed treatment) on both periphyton and benthic invertebrate assemblages. The overall frequency, intensity and extent of the disturbances were, however, equal across all disturbed treatments. Benthic organisms comprise an ideal biotic group for investigation of the effects of temporal variability associated with compounded disturbance regimes because their locally patchy distribution is influenced strongly by changes in local habitat conditions of which disturbances are a principal driver (e.g., McCabe and Gotelli 2000 , Effenberger et al. 2008 , Larned 2010 . The aim of this work was to test the hypothesis that the effects of multiple stressors on ecosystem processes depend upon the interaction between their respective temporal patterns.
METHODS

Experimental design
The experimental site comprised a pristine uniform riffle reach of a fourth-order stream (Glencree River, County Wicklow, Ireland; 53810.23 0 N, 06812.18 0 W). The site was 16 m wide, fringed by riparian vegetation and had uniform bed morphology throughout, dominated by material in the cobble-pebble range. The mean (6SD) water depth at the site for the duration of the experiment (May 2009) was 11 6 3 cm (n ¼ 376 observations).
This fully factorial experiment comprised two treatments; temporal patterns of sediment and nutrient disturbances, both fixed factors with three levels each (undisturbed, a regular disturbance regime, and a temporally variable disturbance regime). There were four replicates per treatment (i.e., 36 experimental units). Disturbance frequency for all disturbed treatments totaled ten perturbations over the duration of the experiment (30 days). Whereas the regular disturbance regime had a disturbance frequency of one perturbation every three days, the temporally variable regime maximized the temporal variability of perturbations (i.e., maximized the standard deviation of the mean interval length between perturbations; Appendix A). However, to ensure that both the length of disturbance and time for recovery after disturbance were equal across all disturbed treatments, the first and the last perturbations across all disturbed treatments took place on the same day.
We used open-topped polyvinyl chloride (PVC) cages (25 cm diameter 3 10 cm high), filled with natural substratum taken from a highly similar riffle zone located 10 m downstream of the experimental site, as artificial colonization plots for each experimental unit.
The cages were perforated with 1 cm holes every 4 cm arranged in alternating rows to facilitate colonization and were embedded with 15 cm spacing between each cage in a straight-line transect across the experimental site (i.e., perpendicular to the direction of flow) six weeks prior to the commencement of the experiment. Experimental treatments were assigned randomly to plots. Three brush-cleaned cobbles of similar size and texture were placed on the top of each plot for quantification of periphyton biomass at the end of the experiment. Plots on either end of the transect were located approximately 1 m from the stream bank. We disturbed the plots experimentally by dosing them with sediments and/or nutrients through a PVC pipe of 0.5 m length and of slightly greater diameter to that of the cages (0.3 m) which was fixed carefully to the stream bed to create an enclosure which isolated the plot from its neighbors. Sediment perturbations consisted of the addition of 1 kg of sieved (,2 mm) gardening soil which was spread evenly over the entire surface of the enclosure. The soil comprised 41% very coarse sand (1-2 mm), 30% coarse sand (0.5-1 mm), 14% medium sand (250-500 lm), 7% fine sand (125-250 lm), 5% very fine sand (63-125 lm), and 3% silt and clay (,63 lm). Nutrient perturbations were done by adding concentrated (1 g/L) sodium hydrogen orthophosphate and ammonium nitrate solutions to the enclosures to increase concentrations of P and N to 200 lg/L above ambient levels. Both sediment and nutrients were added simultaneously where necessary (Appendix A). Dosing enclosures were left in place for one hour providing isolation from neighboring plots during disturbances. As the isolation of the experimental plots from the stream during dosage potentially affected organisms within the plots (owing to, for example, the temporary reduction of water flow and increase in shading), we also placed enclosures on the undisturbed treatments to ensure procedural consistency. The removal of enclosures from perturbed plots resulted in the majority of the added sediments being washed downstream. However, visual observation of the spatial extent and direction of the sediment plumes generated after removal of the dosing enclosures confirmed that the spacing between adjacent plots was sufficient to assure independence among plots. Measurements taken during the experiment showed that both sediment and nutrient perturbations were operating as intended (Appendix B).
We collected all experimental plots 30 days after the initial perturbation. Cobbles for quantification of periphyton chlorophyll a, which we used as an indicator of periphyton biomass, were removed carefully prior to extraction of the cages from the stream bed. Accretions on stone upper surfaces were analyzed for periphyton chlorophyll a in the laboratory following standard procedures (Standing Committee of Analysts 1983) and corrected for stone surface area (Steinman et al. 2006 ). The experimental plots were then removed from the stream bed and preserved immediately on site with ethanol. Invertebrates in the plots were sorted and identified to the lowest taxonomic level practicable in the laboratory. Each taxon was also assigned to a functional feeding group following Merritt and Cummins (1996) .
Statistical methods
We tested for effects of experimental treatments on univariate biotic variables with analysis of variance (ANOVA). Dependent variables were log-transformed where necessary to meet assumptions of normality and homoscedasticity. We used both rarefied taxon richness, and Shannon's index of diversity (H 0 ; calculated using log e ) as measures of invertebrate diversity. We rarefied taxon richness to unconfound the effect of abundance on taxon richness by standardizing to the sample with the lowest abundance (Hurlbert 1971) . Where significant treatment effects were found, Student-Newman-Keuls (SNK) post hoc procedures (Underwood 1997) were used to test for differences among treatment levels.
We used permutational multivariate analysis of variance (PERMANOVA; Anderson 2001, McArdle and Anderson 2001) to test for treatment effects on both the taxonomic and trophic composition of benthic invertebrate assemblages. These analyses were based on Bray-Curtis similarity matrices calculated from log(x þ 1)-transformed abundance data with 9999 permutations of residuals under the reduced model and were done with PRIMER Version 6.1.8 (PRIMER-E Ltd., Plymouth, UK). Where significant treatment effects were found, pairwise post hoc tests were performed with 9999 permutations as described above. Results for dependent variables are reported throughout as mean 6 standard deviation. An a significance level of 0.05 was used for all analyses.
RESULTS
Significant interactions were found between the temporal patterns of sediment and nutrient disturbances on both periphyton chlorophyll a (ANOVA; F 4,27 ¼ 2.9, P ¼ 0.042) and the Shannon diversity of benthic invertebrates (F 4,27 ¼ 4.09, P ¼ 0.01; Fig. 1a, b ; Appendix C). The interaction between treatments was also bordering on significance for rarefied taxon richness (F 4,27 ¼ 2.6, P ¼ 0.06; Fig. 1c ; Appendix C). Post hoc tests found that, within each nutrient disturbance regime, periphyton chlorophyll a concentrations were lowest in the regular sediment disturbance regime, followed by those in the variable sediment disturbance regime which were, in turn, lower than those in the treatment undisturbed by sediments (Table 1a) . However, nutrient addition only had an effect within the variable sediment disturbance regime, where epilithic chlorophyll a was significantly higher in the regular nutrient regime than in both the variable regime and the treatment undisturbed by nutrients. Similar results were found for the (Shannon) diversity of benthic invertebrates (Table 1b) , with the exception of no sediment effect within the variable nutrient regime, which itself had lower diversity than in both other nutrient treatments in the absence of a sediment disturbance.
Significant interactions between the sediment and nutrient disturbance regimes were found on both the taxonomic (pseudo F 4,27 ¼ 1.4, P ¼ 0.034) and trophic (pseudo F 4,27 ¼ 2.58, P ¼ 0.011) composition of benthic invertebrate assemblages (Appendix D). Within each nutrient regime, every sediment disturbance regime almost always differed from every other in both taxonomic and trophic composition (Table 1c, d ; Fig.  2a, b) . No conclusive effect of nutrient regime on taxonomic composition was, however, found within any of the sediment disturbance regimes (Table 1c) , whereas the regular nutrient regime differed significantly in trophic composition from both the variable nutrient regime and the treatment undisturbed by nutrients when the frequency of sediment disturbances varied over time (Table 1d ; Fig. 2b ).
For the dependent variables that were not affected significantly by the interaction between experimental treatments (i.e., the abundance and rarefied taxon richness of benthic invertebrates; Appendix C), no effect of nutrient enrichment was found in either case whereas the effects of sediment addition were consistently most negative in the regular disturbance regime and were also significantly lower in the variable regime compared with the treatments undisturbed by sediments (P , 0.01 in each case).
DISCUSSION
Our results demonstrate clearly that interactions among the temporal patterns of multiple stressors determine the responses of ecosystems to disturbances. We found significant interactions between the temporal patterns of sediment and nutrient disturbances on each of periphyton biomass and the diversity, taxonomic and trophic composition of stream benthic invertebrate assemblages. These patterns occurred in spite of the fact that the overall frequency, intensity and extent of the disturbances were equal across all disturbed treatments. This study therefore provides the first empirical evidence evincing a key role of interactions among temporal patterns of disturbance in driving the effects of multiple stressors on biotic assemblages. Nutrient enrichment frequently had no effect on stream biota except when delivered in regular pulses in combination with temporally variable sediment perturbations. This highlights the ecological importance of compounded perturbations even when their constituent stressors produce little or no effect individually. Moreover, these interactions were driven by the combined action of asynchronous disturbances (i.e., regular nutrient and temporally variable sediment regimes), which indicates strongly that the temporal synchronization of multiple stressors does not necessarily maximize the responses of biotic assemblages to compounded perturbations.
That nutrient addition had no effect on biotic assemblages except in combination with the temporally variable sediment disturbance regime suggests that the addition of sediments in some way facilitated ecological responses to nutrient enrichment. This may be a consequence of the scouring effect of the clustered perturbations in this sediment disturbance regime exposing a thin film of productive algal cells to better light conditions and increased access to water column nutrients during the relatively long undisturbed period (McCormick and Stevenson 1991) . Such removal of overstory biomass frequently results in increased pro- 
Notes: Pseudo-t and associated P values for the multivariate post hoc tests are reported in Appendix E. Key to abbreviations: R, regular disturbance regime; V, variable disturbance regime; U, undisturbed.
October 2010ductivity and rapid growth of benthic algae (e.g., Lamberti et al. 1989, Peterson and Stevenson 1992) , which would, therefore, be expected to have knock-on effects on upper trophic levels. Regular nutrient enrichment likely intensified this effect resulting in the significant interactions detected in the experiment. The adsorption of nutrients, particularly phosphorus (Froelich 1988) , to added sediments and their subsequent release between periods of nutrient addition may have amplified these patterns still further.
Sediment disturbance per se reduced both the abundance and diversity of benthic assemblages, with regular pulses of sediments eliciting stronger biotic responses than temporally variable ones. Whereas the regular sediment perturbations were equally spaced over time and without a defined undisturbed period, the clustering of sediment disturbances under the variable regime likely facilitated biotic recovery during the subsequent prolonged undisturbed period. The patchscale of the experiment, which provided a large and abundant pool of potential colonizers from surrounding undisturbed areas, together with the high resilience that is characteristic of stream ecosystems, probably facilitated this process (Lake 2000) . In contrast, nutrient enrichment had no discernable effect on any of the biotic response variables in our experiment in treatments undisturbed by sediments. This was in spite of the fact that concentrations of nutrients, particularly phosphorus, the primary driver of eutrophication in aquatic ecosystems (Schindler et al. 2008) , were increased dramatically above ambient levels. Moreover, the experiment took place at the height of the growing season and the experimental site was shallow and under good light conditions. Previous studies (e.g., Scinto and Reddy 2003, McCormick et al. 2006 ) have shown that periphyton affinity for phosphorus is often translated into high uptake rates in response to similar short-term nutrient pulses. The reasons for the lack of an effect of nutrients in our experiment in the absence of sediment disturbances are, therefore, unclear.
In conclusion, our results show that the temporal patterns associated with disturbance regimes can determine the effects of multiple stressors on ecosystems. Further, the temporal synchronization of distinct disturbances does not necessarily maximize the impact of compounded perturbations. Moreover, interactions among the temporal patterns of multiple stressors can affect biotic assemblages significantly even when their constituent stressors produce little or no effect individually. These findings therefore demonstrate that knowledge of the temporal patterns of disturbances is essential for the reliable prediction of impacts from, and effective management of, multiple stressors. Future global change scenarios predict a tendency towards increased temporal variability of climatic events (e.g., Christensen and Christensen 2003, Webster et al. 2005) . This is occurring in parallel with local changes to natural disturbance regimes (e.g., Syphard et al. 2009 ) and the increasing prevalence of multiple anthropogenic stressors (e.g., Wohl 2006) caused by the growing human influence on the environment. Such alteration of disturbance regimes, even in the absence of changes in disturbance intensity per se, may, therefore, have dramatic and unforeseen consequences for the integrity of ecosystems globally. 
